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Abstract. Biogenic emissions supply the largest fraction
of non-methane volatile organic compounds (VOC) from
the biosphere to the atmospheric boundary layer, and typi-
cally comprise a complex mixture of reactive terpenes. Due
to this chemical complexity, achieving comprehensive mea-
surements of biogenic VOC (BVOC) in air within a satis-
factory time resolution is analytically challenging. To ad-
dress this, we have developed a novel, fully automated Fast
Gas Chromatography (Fast-GC) based technique to provide
higher time resolution monitoring of monoterpenes (and se-
lected other C9-C15 terpenes) during plant emission studies
and in ambient air. To our knowledge, this is the ﬁrst study to
apply a Fast-GC based separation technique to achieve quan-
tiﬁcation of terpenes in ambient air. Three chromatography
methods have been developed for atmospheric terpene anal-
ysis under different sampling scenarios. Each method facil-
itates chromatographic separation of selected BVOC within
a signiﬁcantly reduced analysis time compared to conven-
tional GC methods, whilst maintaining the ability to quantify
individual monoterpene structural isomers. Using this ap-
proach, the C9-C15 BVOC composition of single plant emis-
sions may be characterised within a 14.5min analysis time.
Moreover, in-situ quantiﬁcation of 12 monoterpenes in un-
polluted ambient air may be achieved within an 11.7min
chromatographic separation time (increasing to 19.7min
when simultaneous quantiﬁcation of multiple oxygenated
C9-C10 terpenoids is required, and/or when concentrations
of anthropogenic VOC are signiﬁcant). These analysis times
potentially allow for a twofold to ﬁvefold increase in mea-
surement frequency compared to conventional GC methods.
Hereweoutlinethetechnicaldetailsandanalyticalcapability
ofthischromatographicapproach,andpresenttheﬁrstin-situ
Fast-GC observations of 6 monoterpenes and the oxygenated
BVOC (OBVOC) linalool in ambient air. During this ﬁeld
deployment within a suburban forest ∼30km west of cen-
tral Tokyo, Japan, the Fast-GC limit of detection with respect
to monoterpenes was 4–5ppt, and the agreement between
Fast-GC and PTR-MS derived total monoterpene mixing ra-
tios was consistent with previous GC/PTR-MS comparisons.
The measurement uncertainties associated with the Fast-GC
quantiﬁcation of monoterpenes are ≤12%, while larger un-
certainties (up to ∼25%) are associated with the OBVOC
and sesquiterpene measurements.
1 Introduction
Volatile organic compounds (VOC) play a key role in tropo-
spheric processes that inﬂuence air quality and climate forc-
ing, such as ozone production and secondary organic aerosol
(SOA) formation (Andreae and Crutzen, 1997; Sillman,
1999; Fuentes et al., 2000 and references therein). Biogenic
VOC (BVOC) constitute the largest fraction of the total
global non-methane VOC supplied to the planetary boundary
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layer (>90% – Greenberg et al., 1999), with the global
BVOC ﬂux estimated to be of the order of 1100TgCyr−1
(Guenther et al., 1995), compared to just 50–100TgCyr−1
anthropogenic VOC (Holzke et al., 2006). Furthermore,
BVOC are typically highly reactive with respect to the at-
mospheric oxidants OH and O3 (atmospheric lifetimes range
from minutes to days for monoterpenes, Atkinson and Arey,
2003), and hence in the presence of NOx even relatively low
concentrations of these trace gases can initiate efﬁcient tro-
pospheric ozone production cycles (Chameides et al., 1988).
Despite the potential impact of biogenic emissions with
respect to both the global carbon cycle and local scale ox-
idant budgets, there are substantial uncertainties associated
with the current understanding of BVOC-mediated tropo-
spheric photochemistry. These uncertainties are highlighted
by efforts to constrain measurements of the total OH reac-
tivity of ambient air using concurrent trace gas observations.
In forested regions, the directly measured total OH reactiv-
ity of boundary layer air (deﬁned as the sum of the concen-
trations of each individual OH sink multiplied by their re-
spective reaction rate coefﬁcients) is frequently greater than
the equivalent estimated OH reactivity, derived from simul-
taneous VOC observations (Di Carlo et al., 2004; Sinha et
al., 2010; Nölscher et al., 2012; Edwards et al., 2013). This
discrepancy between measured and calculated OH reactivity
reveals the presence of an unidentiﬁed OH sink (or sinks)
within the forest boundary layer, which may potentially be
attributedtounmeasuredprimaryBVOCemissions(DiCarlo
et al., 2004; Sinha et al., 2010), unmeasured oxidation prod-
ucts of primary BVOC following atmospheric processing
(Lou et al., 2010; Taraborrelli et al., 2012; Edwards et al.,
2013), or a combination of these sources (Nölscher et al.,
2012). Holzinger et al. (2005) observed large quantities of
BVOC oxidation products within a Ponderosa pine forest,
which implied signiﬁcant unmeasured primary BVOC emis-
sions within this region. As such, it is apparent that a more
detailed characterisation of the ambient air BVOC compo-
sition is necessary in order to effectively constrain the for-
est boundary layer oxidant budget. Furthermore, recent stud-
ies suggest that BVOC potentially contribute a signiﬁcant
fraction of the boundary layer ozone formation within urban
centres (particularly during summertime pollution episodes,
e.g. Lee et al., 2006; Curci et al., 2009), providing motivation
for in situ observations of these trace gases in polluted at-
mospheres with some biogenic inﬂuence (such as a city sur-
rounded by forest), as well as within remote forest air. How-
ever, the chemical complexity of air inﬂuenced by biogenic
emissions makes achieving comprehensive measurements of
BVOC in these environments analytically challenging.
Emissions from vegetation typically comprise a vast num-
ber of terpenes with a wide range of volatilities, includ-
ingisoprene(C5H8),monoterpenes(C10H16),sesquiterpenes
(C15H24) and numerous oxygenated terpenoids (Kesselmeier
and Staudt, 1999). Each class of terpene consists of multi-
ple structural isomers, which are indistinguishable by some
analytical techniques, yet have greatly varying reactivities
with respect to atmospheric oxidants (see Table 1 and ref-
erences therein). As such, quantiﬁcation of each individual
isomer is fundamental to achieving a comprehensive charac-
terisation of the impact of BVOC upon the oxidation capac-
ity of the troposphere. Furthermore, BVOC emission rates
are generally dependent upon environmental conditions such
as solar radiation, temperature, humidity and CO2 concentra-
tion, which often results in emission proﬁles with substantial
diurnal variability (Kesselmeier and Staudt, 1999), as well as
a potential sensitivity to long-term changes in climate. As a
consequence of these variable emission rates, and the rela-
tively short lifetimes of many terpenes with respect to atmo-
spheric oxidants, ambient air concentrations of BVOC such
as monoterpenes typically demonstrate signiﬁcant short-term
variability, which necessitates a high time-resolution mea-
surementtechnique.Establishedmeasurementtechniquesfor
in situ BVOC monitoring typically offer a trade-off between
sample frequency and speciation. Detailed information re-
garding chemical composition may be obtained via con-
ventional gas chromatography methods (GC-FID and GC-
MS) which can quantify individual terpene isomers, but with
a limited sample frequency (typically one 10–30min aver-
aged sample, every ∼50–60min – e.g Bouvier-Brown et al.,
2009; Jones et al., 2011; Hopkins et al., 2011). In contrast,
near real-time terpene observations may be obtained by pro-
ton transfer reaction (PTR) mass spectrometry techniques
(e.g. Rinne et al., 2005; Langford et al., 2010), however this
approach does not provide quantiﬁcation of individual struc-
tural isomers. As a consequence of the complex chemical
composition of air inﬂuenced by biogenic emissions, and the
associated instrument limitations, observations of BVOC in
ambient air are limited in comparison with those of anthro-
pogenic VOC.
To address the current instrumental limitations, we have
developed a fully automated fast gas chromatography - ﬂame
ionisation detection (Fast-GC-FID) method for quantiﬁca-
tion of a range of C9-C15 BVOC, including multiple struc-
tural isomers.
Previous studies have utilised Fast-GC based techniques
for a variety of applications, including quantitative analysis
of methanol and C2-C4 carbonyls in ambient air (Apel et al.,
2003), analysis of monoaromatic VOC in gasoline (Hamil-
ton and Lewis, 2003), and quantifying limonene emissions
within a plant chamber (Yassaa et al., 2010). Fast-GC meth-
ods have also been employed to provide qualitative analy-
sis of the BVOC composition of essential oils (e.g. White,
2009), and for various forensic applications (Eckenrode,
2001). However, to our knowledge, this is the ﬁrst study to
apply Fast-GC separation to the quantitative analysis of ter-
penes in ambient air. The Fast-GC based methods presented
hereretaintheseparationcapabilityofconventionalgaschro-
matography, yet offer signiﬁcantly improved measurement
frequency. Here we outline the instrument speciﬁcations and
present the ﬁrst applications of Fast-GC for BVOC analysis
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Table 1. BVOC targeted for quantiﬁcation by Fast-GC, their rate constants with respect to reaction with the atmospheric oxidants OH and
O3, and limits of detection (LOD) for Fast-GC analysis of these BVOC in plant chamber studies and in ambient air.
kOH ×1012 kO3 ×1018 LOD (ppt) kOH ×1012 kO3 ×1018 LOD (ppt)
(cm3 molec−1 s−1) (cm3 molec−1 s−1) (a) AMBIENT (cm3 molec−1 s−1) (cm3 molec−1 s−1) (a) AMBIENT
(b) CHAMBER (b) CHAMBER
Monoterpenes Oxygenated terpenes
α-pinene 53.7 86.6 (a) 4 α-terpineol 190.0c 300.0c (a) 4
(b) 10 (b) –
Camphene 53.0 0.90 (a) 4 Linalool 160.0d 430.0d (a) 4
(b) 10 (b) 8
β-pinene 78.9 15.0 (a) 4–5 Nopinone 17.0e <0.005e (a) 5
(b) 9 (b) –
Myrcene 215.0 86.6 (a) 4–5 Limonene oxide 11.1a <0.15b (a) 5
(b) 9 (b) 8
α-phellandrene 313 .0 2980.0 (a) 5 Methyl chavicol 54.0f 12.0f (a) 4
(b) 11 (b) 8
α-terpinene 363.0 21100.0 (a) 5 Terpinen-4-ol 170.0 250.0 (a) 4
(b) 10 (b) 8
1-3-carene 88.0 37.0 (a) 5 Sesquiterpenes
(b) 11
Limonene 171.0 200.0 (a) 4 α-copaene 90.0 160.0 (a) –
(b) 9 (b) 11
Ocimene 252.0 540.0 (a) 4 α-cedrene 67.0 28.0 (a) –
(b) 9 (b) 12
γ-terpinene 177.0 140.0 (a) 4 β-caryophyllene 197.0 11600.0 (a) –
(b) 9 (b) 12
terpinolene 225.0 1880.0 (a) 4 α-humulene 293.0 11700.0 (a) –
(b) – (b) 11
p-cymene 15.1a <0.05b (a) 5
(b) –
Note that a range of ambient air LOD’s are reported where the value is different for the two chromatography methods. LOD’s for plant chamber analyses correspond to a sample
volume of 350mL. Rate constants are from Atkinson (1997) unless otherwise stated. a from Corchnoy and Atkinson (1990); b from Atkinson et al. (1990); c from Wells (2005);
d from Atkinson et al. (1995); e from Calogirou et al. 1999; f from Bouvier-Brown et al. (2009).
in plant emission chamber studies and in situ ambient air
monitoring.
2 Methods
The BVOC targeted for Fast-GC analysis in this study in-
clude monoterpenes, C9-C10 oxygenated terpenoids, and
sesquiterpenes (individual structural isomers are listed in Ta-
ble 1). A Fast-GC system has been developed for BVOC
quantiﬁcation under two scenarios; (1) to quantify these
BVOC in emissions from a single plant during chamber ex-
periments; (2) to monitor mixing ratios of BVOC in am-
bient air. The experimental details regarding sample pre-
concentration, chromatography and calibration for the quan-
titative analysis of these trace gases using a Fast-GC instru-
ment are outlined in the following sub-sections.
2.1 BVOC pre-concentration
Due to the relatively low concentrations (ppt-ppb) of BVOC
in both plant chamber emissions and ambient air, it is neces-
sarytopre-concentratethesetracegasespriortoGCanalysis.
To achieve this, a Unity2 Thermal Desorber with 3 channel
Airserver (Markes, UK) containing a Peltier-cooled Tenax
cold trap is used in-conjunction with the Fast-GC instrument.
Tenax sorbent was selected for this application due to its
hydrophobicity and ability to trap VOC>C6 at ambient
temperatures, which is particularly advantageous when sam-
pling air in humid environments, where high moisture levels
may give rise to instrument difﬁculties. In addition, previ-
ous studies have reported quantitative pre-concentration of
volatile and semi-volatile terpenes using this sorbent ma-
terial (e.g. Bouvier-Brown et al., 2009). The cold trap is
Peltier-cooled to 20 ◦C during sampling in order to effec-
tively trap C6-C15 VOC, whilst minimising the amount of
water vapour retained on the trap. Following a ﬁxed sam-
pling time (for details see below), the trap is back-ﬂushed
with dry helium gas at 30mLmin−1 for 1–2min in order
to remove moisture, before rapidly heating (∼100 ◦Cs−1) to
300 ◦C while helium carrier gas is diverted through the trap,
such that the pre-concentrated VOC are desorbed and deliv-
ered to the GC column via a heated transfer line (deactivated
silica capillary, 130 ◦C). The Fast-GC instrument used for
this study (300 Series GC, Ellutia – for details see Sect. 2.2)
contains a unique automatic column insertion (ACI) mech-
anism, whereby the GC column is not manually connected
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Fig. 1. Schematic of the Fast-GC instrument, thermal desorber and needle-terminated transfer line, in the air sampling conﬁguration. The
sample gas ﬂow path is illustrated in blue; helium carrier gas ﬂow within the thermal desorber is shown in red.
to the heated transfer line and detector using conventional
ﬁttings, but is mechanically inserted via an automatic mech-
anism. This means that pre-concentrated VOC cannot be de-
livered from the Unity2 Thermal Desorber cold trap via a
conventional silica transfer line inserted through the GC in-
jector port and connected directly via a union ﬁtting to the
GC column. Instead, a modiﬁed transfer line/GC column in-
terface is utilised; a “needle-terminated” transfer line (Ag-
ilent) houses a conventional 0.25mm fused silica capillary
within an insulated cover which is ﬁtted with a needle con-
nection at the GC terminal. This needle is simply inserted
throughtheseptumoftheGCinjectorport,whichisheatedto
210 ◦C under normal operating conditions. This set-up (out-
lined in Fig. 1) allows for continuous automated sampling of
VOC in air.
Sampling conditions were optimised for pre-concentration
of C9-C15 BVOCs using an in-house prepared gaseous mix-
ture containing ∼0.5–1.5ppb of each BVOC diluted in ni-
trogen (for details, see Sect. 2.3). All trapping efﬁciency
tests were performed within a 6h period, and quantitative
trapping was achieved for sample volumes of up to 1.5L,
with a ﬂow rate of 75mLmin−1. Sampling parameters for
the analysis of BVOC in single plant emissions and in am-
bient air were selected in light of these tests, based upon
the required instrument sensitivity and sampling frequency
for each application; the comparatively higher concentra-
tions of BVOC in plant chamber air typically allow a shorter
sampling time (5–7min×50mLmin−1 =250–350mL sam-
ple volume), while the generally lower BVOC concentra-
tions in ambient air necessitate a larger sample volume
(10min×75mLmin−1 =750mL sample volume). As a gen-
eral rule, the sampling period is minimised as much as possi-
ble in order to fully utilise the high time resolution facilitated
by the Fast-GC technique, as well as to limit the amount of
water retained on the trap.
2.2 Chromatography methods
In principle, fast gas chromatography may be achieved
through the use of a relatively short GC column (∼5–20m),
fast temperature ramp rates (∼20–200 ◦Cmin−1) and high
carriergaslinearvelocities(∼60–120cms−1).Purpose-built
Fast-GC instruments typically employ direct resistive heat-
ing of the capillary column, which negates the need for a
large GC oven and enables rapid heating during chromato-
graphic separation, as well as faster post-separation cooling.
The rapid heating and cooling of these columns contributes
to an overall cycle time (deﬁned as the time interval between
the start of two consecutive measurements) that is substan-
tially reduced in comparison with conventional GC methods.
While these chromatography conditions may potentially lead
to some reduction in separation efﬁciency, this can be off-
set to some extent by using narrow i.d. columns and a thin
ﬁlm stationary phase coating. Moreover, the combination of
fast temperature ramps and high carrier gas ﬂow velocities
generates exceptionally sharp chromatographic peaks; con-
sequently, while the absolute peak to peak separation be-
tween two analytes may be reduced, baseline resolution is
often maintained due to a reduction in peak widths.
In order to quantify BVOC in air under several dif-
ferent composition scenarios, three distinct chromatogra-
phy methods have been developed. The GC_CHAMBER
method has been designed for analysis of C10-C15 BVOC
in plant chamber air; the GC_AMBIENT I method was opti-
mised for quantiﬁcation of individual monoterpene structural
isomers in unpolluted ambient air; the GC_AMBIENT II
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method facilitates analysis of C9 and C10 BVOC in am-
bient air inﬂuenced by both biogenic and anthropogenic
emissions. In all cases, chromatographic separation of the
monoterpene structural isomers was prioritised, with anal-
ysis of other terpenes considered a secondary objective. A
300 Series Gas Chromatograph (Ellutia) was utilised for
all analyses, in conjunction with a resistively heated stain-
less steel capillary column (Restek) and helium carrier gas.
The GC_CHAMBER chromatography method was devel-
oped using a 20m×0.18mmi.d. non-polar MXT-1 column
(0.4µm ﬁlm thickness), while a 15m×0.25mmi.d. non-
polar MXT-5 column (0.25µm ﬁlm thickness) is employed
for analysis of BVOC in ambient air. Direct resistive heating
of the inert coated steel capillary columns facilitates rapid
heating during analysis, as well as rapid post-analysis cool-
ing. Resistively heating the column also negates the need
for a conventional GC oven, and as a result the 300 Se-
ries GC is smaller and lighter than standard GC systems
(instrument footprint=320mm×370mm; weight=7.5kg).
Details of the three chromatography methods developed in
this study are outlined in the following sections, and chro-
matograms recorded using each method are presented in
Figs. 2–4. The relevant temperature programmes and carrier
gas ﬂow velocities are also illustrated in Figs. 2–4, and are
summarised in Table 2. It should be noted that during the ini-
tial method development and testing period, BVOC-rich air
(from single plant emissions and ambient air) was simultane-
ously analysed by Fast-GC and sampled into silcosteel canis-
ters for independent ofﬂine analysis by conventional GC-FID
and/or GC-MS, in order to support BVOC peak identiﬁcation
and/or quantiﬁcation.
2.2.1 Chromatography for plant chamber air analysis
Single plant chamber studies represent a simpliﬁed scenario
for measuring BVOC in air, since the BVOC composition is
limited to primary emissions from one plant species, while
mixing ratios of non-biogenic VOC are below the instrument
detection limit, and the formation of BVOC oxidation prod-
ucts is minimised due to the absence of signiﬁcant levels of
atmospheric oxidants within the chamber. Furthermore, di-
lution of emitted BVOC within the enclosure is limited, and
as such, single plant chamber emissions are relatively high
concentration (∼ppb), low component BVOC mixtures, and
thus are potentially well suited to fast gas chromatographic
separation. That said, the presence of multiple terpene struc-
tural isomers with similar physical properties (boiling point,
polarity) does limit the separation capacity to some extent,
and extensive method development was carried out in order
to utilise the capability of Fast-GC to minimise analysis time,
whilst maintaining effective chromatographic separation of
these complex BVOC mixtures.
The GC_CHAMBER chromatography method utilises a
Fast-GC based approach to achieve separation of a number of
monoterpenes and sesquiterpenes within a 14.5min analysis
Table 2. Carrier gas ﬂow velocities and temperature programmes
utilised during Fast-GC analysis of BVOC in ambient air and single
plant emissions.
Upper ﬂow Upper Temperature Hold time
velocity temperature ramp rate (min)
(cms−1) (◦C) (◦Cmin−1)
GC_CHAMBER
Initial 60 40 – 2.0
Ramp 1 80 110 11 0
Ramp 2 70 160 42 0
Ramp 3 65 200 9 0.5
Total analysis time 14.5min
Total measurement cycle time 16.5min
GC_AMBIENT I
Initial 52 39 – 2.0
Ramp 1 56 46 6 0.4
Ramp 2 70 72 6 0.2
Ramp 3 90 85 18 0
Ramp 4 85 125 40 0
Ramp 5 75 215 55 0.2
Total analysis time 11.7min
Total measurement cycle time 13.7min
GC_AMBIENT II
Initial 51 38 – 2.0
Ramp 1 55 44 1 0.2
Ramp 2 75 64 5 2.8
Ramp 3 88 94 15 0
Ramp 4 85 125 35 0
Ramp 5 75 215 75 0.4
Total analysis time 19.7min
Total measurement cycle time 21.8min
period (resulting in a 16.5min cycle time, see Table 2).
Moderately fast chromatography conditions are employed
throughout the C10 and C15 elution periods (temperature
ramps of 11 and 9 ◦Cmin−1 respectively) to ensure reso-
lution of the multiple structural isomers, while faster chro-
matography (temperature ramp of 42 ◦Cmin−1) is utilised
during other periods, in order to minimise the total anal-
ysis time. The GC_CHAMBER method facilitates quan-
tiﬁcation of the monoterpenes α-pinene, camphene, β-
pinene, myrcene, α-phellandrene, 1-3-carene, α-terpinene,
limonene, ocimene and γ-terpinene (note ocimene and γ-
terpinene are not shown in Fig. 2), the C10 oxygenated
terpenoids linalool, limonene oxide and methyl chavicol
(methyl chavicol not shown in Fig. 2) and sesquiterpenes
α-copaene, α-cedrene, β-caryophyllene and α-humulene,
within a total measurement cycle time of 16.5min. Limi-
tations of this method include the partial separation of the
chromatographic peak pairs 1-3-carene and α-terpinene,
and α-cedrene and β-caryophyllene. Resolution of the 1-3-
carene and α-terpinene peaks is generally sufﬁcient to pro-
vide quantiﬁcation, albeit with increased uncertainty (see
Sect. 2.3), whereas generally only the combined α-cedrene
and β-caryophyllene mixing ratio can be reported. Figure 2
outlines details of the GC_CHAMBER method, and shows
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Fig. 2. (a) shows the temperature and carrier gas ﬂow velocity programmes used for the GC_CHAMBER method. (b) shows a chro-
matographic trace recorded using the GC_CHAMBER method for analysis of BVOC in liquid standard (∼2.0–8.0mgL−1 terpenes in
isop-propyl alcohol). (c) is a chromatogram resulting from analysis of BVOC in air during a white spruce (Picea glauca) plant emis-
sion study (see Sect. 3.1 for details). Chromatographic peaks correspond to the following BVOC; α-pinene(1), camphene(2), β-pinene(3),
myrcene(4), α-phellandrene(5), 1-3-carene(6), α-terpinene(7), limonene(8), linalool(9), limonene oxide(10), α-copaene(11), α-cedrene(12),
β-caryophyllene(13), α-humulene(14). Alternate shaded regions highlight changes in chromatography parameters (for more details, see
Table 2).
chromatograms generated using this method for analysis of a
terpene liquid standard (Fig. 2b), and emissions from a white
spruce plant (Fig. 2c, see Sect. 3.1 for more details).
2.2.2 Chromatography for ambient air analysis
In contrast to single plant emissions, the VOC composition
of ambient air is generally much more complex, and may po-
tentially comprise a large number of primary BVOC emitted
from a variety of tree species, multiple oxidation products
resulting from atmospheric processing of primary BVOC,
and anthropogenic VOC. Analysis of BVOC in ambient air
therefore necessitates a more sophisticated chromatographic
approach.
In clean air with very little to no anthropogenic inﬂu-
ence (such as remote forest sites), the GC_AMBIENT I
chromatography method may be used to determine the
ambient air monoterpene composition. This method pro-
vides efﬁcient separation of the chromatographic peaks cor-
responding to the monoterpenes α-pinene, camphene, β-
pinene, myrcene, α-phellandrene, 1-3-carene, α-terpinene,
limonene, ocimene, γ-terpinene and terpinolene, and the C10
alkyl benzene p-cymene (sometimes classed as a monoter-
pene), within an 11.7min analysis time (13.7min cycle
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Fig. 3. (a) shows the GC_AMBIENT I method temperature and carrier gas ﬂow velocity programmes. (b) shows a chromatographic trace
recorded using the GC_AMBIENT I method for analysis of a monoterpene liquid standard (∼1.0–5.0mgL−1 monoterpenes in isop-propyl
alcohol). (c) shows a chromatogram recorded using this method to analyse monoterpenes in a discrete canister sample containing clean
air (anthropogenic VOC close to or below instrument detection limit) from a pine forest in Ibaraki prefecture, Japan. Chromatographic
peaks correspond to the following monoterpenes; α-pinene(1), camphene(2), β-pinene(3), myrcene(4), α-phellandrene(5), 1-3-carene(6),
α-terpinene(7),p-cymene(8),limonene(9),ocimene(10),unidentiﬁedterpene(11),γ-terpinene(12),terpinolene(13).Alternateshadedregions
highlight changes in chromatography parameters (for more details, see Table 2).
time). Using this method, the majority of chromatographic
peaks are fully baseline resolved (exceptions being a very
small amount of overlap between the α-phellandrene and 1-
3-carene peaks, as well as a slightly greater degree of overlap
between the p-cymene and limonene peaks), allowing indi-
vidual quantiﬁcation of these 12 C10 terpenes.
In polluted air, GC analysis of BVOC requires resolu-
tion of a vast number of closely eluting chromatographic
peaks – including numerous anthropogenic VOC, as well
as multiple terpene isomers – and as such, we have found
that very fast chromatography is not a viable technique for
quantiﬁcation of terpenes in air inﬂuenced by both bio-
genic and anthropogenic emissions. However, we demon-
strate that by combining periods of moderately fast chro-
matography, more conventional chromatography conditions,
and isothermal separation, satisfactory separation of a range
of monoterpenes and oxygenated C9-C10 terpenoids can
be achieved. For these more complex compositions, the
GC_AMBIENT II method was developed to facilitate chro-
matographic separation of the monoterpenes listed above,
as well as the oxygenated terpenes linalool, α-terpineol,
limonene oxide, terpinen-4-ol, methyl chavicol, and the
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Fig. 4. (a) shows the temperature and carrier gas ﬂow velocity programmes used for the GC_AMBIENT II method. (b) shows a chromato-
graphic trace recorded using the GC_AMBIENT II method for analysis of VOC within an in-house prepared gas standard (containing ∼ppb
concentrations of BVOC and common anthropogenic VOC). (c) shows a chromatogram resulting from analysis of VOC in ambient air within
a suburban forest (see Sect. 3.2.2 for details). Chromatographic peaks are labelled as follows; ethylbenzene(1), p-xylene+m-xylene(2),
styrene(3), o-xylene(4), nonane(5), iso-propylbenzene(6), α-pinene(7), camphene(8), n-propylbenzene(9), 1,3,5-trimethylbenzene(10), β-
pinene(11), 1,2,4-trimethylbenzene(12), myrcene(13), α-phellandrene(14), 1-3-carene(15), α-terpinene(16), limonene(17), ocimene(18),
unidentiﬁed terpene(19), γ-terpinene(20), terpinolene(21), linalool(22), α-terpineol(23), nopinone(24) limonene oxide(25), terpinen-4-
ol(26), methyl chavicol(27), β-caryophyllene (28). Alternate shaded regions highlight changes in chromatography parameters (for more
details, see Table 2).
β-pinene oxidation product nopinone, within 19.7min (giv-
ing rise to a 21.8min measurement cycle time). Furthermore,
these 18 BVOC are sufﬁciently separated from potentially
co-eluting anthropogenic VOC commonly found in urban
air, such as the propylbenzene and trimethylbenzene isomers
(see Fig. 4). Analytical limitations of this method include
partial co-elution of the chromatographic peak pairs corre-
sponding to linalool and α-terpineol, β-pinene and 1,3,5-
trimethylbenzene, and nopinone and limonene oxide. When
present at low to moderate concentrations, each of these
partially co-eluting VOC peaks may be individually quanti-
ﬁed, albeit with a slightly higher analytical uncertainty com-
pared to other terpenes (see Sect. 2.3). As such, although GC
separation of C9-C10 BVOC sampled from polluted air re-
quires an increased analysis time compared to plant chamber
and clean ambient air samples, this Fast-GC system can still
offer a moderate improvement in sampling frequency com-
pared to conventional GC methods, as a result of periods of
moderately fast chromatography, the reduced post-separation
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cooling time, and a fast temperature ramp rate at the end of
each analysis (see Table 2).
It should be noted that quantiﬁcation of sesquiterpenes in
ambientairwasnotattemptedduringthisstudy.Thiswaspri-
marily in order to optimise the chromatographic separation
of monoterpenes whilst minimising analysis time, but was
also due to the presence of co-eluting contaminant peaks in-
troduced via the ozone ﬁlters used during ambient air sam-
pling (see Sect. 3.2.1). Furthermore, developing a robust
procedure for the accurate quantiﬁcation of reactive, semi-
volatile sesquiterpenes in ambient air is analytically chal-
lenging (e.g. the β-caryophyllene lifetime with respect to
ozone is ∼2min, Atkinson and Arey, 2003), and was con-
sidered beyond the scope of this work.
Figure 3 illustrates the chromatography parameters
utilised in the GC_AMBIENT I method (Fig. 3a), and shows
typical chromatograms generated using this method for anal-
ysis of a monoterpene gas standard (Fig. 3b), and to quan-
tify monoterpenes in ambient air (Fig. 3c). Figure 4 out-
lines the GC_AMBIENT II method parameters (Fig. 4a), and
shows chromatographic traces using this method for analy-
sis of a terpene gas standard (Fig. 4b), and to analyse ambi-
ent air within a suburban forest (Fig. 4c). It should be noted
that while the GC_AMBIENT II method has already been
utilised for continuous in situ terpene monitoring (Fig. 4c
– see Sect. 3.2.2 for details), to date the GC_AMBIENT I
method has only been used to provide ofﬂine analysis of
monoterpenes in discrete air samples. As such, the chro-
matogram presented in Fig. 3c was not produced from an
in situ measurement, but from analysis of a whole air sample
that was collected within a pine forest in Ibaraki prefecture,
Japan. For these measurements, air was sampled into 3L sil-
costeel canisters and subsequently analysed in our laboratory
using the GC_AMBIENT I method.
Overall, the Fast-GC methods outlined here facilitate
quantiﬁcation of multiple terpenes in air within a cycle time
of ∼13.5–22min per measurement, which corresponds to a
measurement frequency that is 2–5 times faster than typical
conventional GC methods (e.g. Bouvier-Brown et al., 2009;
Jones et al., 2011; Hopkins et al., 2011).
2.3 Fast-GC calibration with respect to terpenes
One of the major analytical challenges associated with ac-
curate quantiﬁcation of atmospheric terpenes is the imple-
mentation of a robust calibration technique. Compared with
other non-methane hydrocarbons (NMHC), monoterpenes
often demonstrate inferior stability when stored for pro-
longed periods in pressurised gas canisters (Apel et al., 1999;
Rhoderick and Lin, 2013). Due at least in part to this appar-
ent instability, certiﬁed gas standards containing multiple ter-
penes are not readily available, and hence calibration of these
gases is generally less straightforward compared to that of
other NMHC. A recent study by Rhoderick and Lin (2013)
demonstrates that 20L aluminium canisters with proprietary
internal coatings are capable of containing gaseous monoter-
penes in nitrogen without signiﬁcant degradation for periods
of >250days, however further investigations are necessary
to ensure consistency between canisters, and to test whether
this level of stability may be achieved for gaseous mixtures
containing both α-pinene and β-pinene.
During the initial Fast-GC instrument development phase,
calibration with respect to BVOCs was achieved by direct
injection of liquid standards via the GC injector port, to de-
rive the FID response factor for each terpene. However, si-
multaneous measurements of a dynamically diluted α-pinene
permeation gas by the Fast-GC system and an indepen-
dently calibrated Agilent GC-FID system (Kato et al., 2004),
demonstrated an offset in the derived α-pinene mixing ratio,
with the Fast-GC measurement consistently ∼20% lower
than the GC-FID value. This offset was attributed to a sys-
tematic over-estimation of the Fast-GC sample volume (pre-
sumably due to unsatisfactory parameterisation of the gas
phase sampling conditions). Thus it was apparent that a gas
phase calibration procedure was essential in order to achieve
accurate terpene quantiﬁcation (a conclusion that is consis-
tent with other studies, e.g. Apel et al., 1999). Consequently,
the calibration procedure for the Fast-GC instrument was
modiﬁed, and is now based on analysis of a certiﬁed primary
gas standard containing the monoterpenes α-pinene and β-
pinene, in conjunction with the relative FID response fac-
tors for the other terpenes (determined by direct injection of
BVOC liquid standards).
Gas phase calibration of the Fast-GC with respect to α-
pinene and β-pinene is achieved using a 1 ppm 58 com-
ponent primary VOC gas standard (PAMS-J58, Sumitomo-
Seika Chemicals). VOC tend to exhibit better stability in
gaseous mixtures at higher concentrations, however mix-
ing ratios of 1ppm are too high for use in routine day-to-
day calibrations. Dilution of the primary standard to pro-
duce ∼5ppb VOC mixtures generates effective secondary
gas standards suitable for short-term use, however these di-
luted standards demonstrate signiﬁcant degradation of the
monoterpene components after ∼1week. As such, indepen-
dent terpene gas standards are prepared in-house, by inject-
ing 1µL volumes of a liquid standard (∼5mmoldm−3 ter-
penes in isopropyl alcohol) into a nitrogen gas stream deliv-
ered to a 3L silcosteel canister, which is subsequently pres-
surised to ∼35psi. 100mL samples of these “working” ter-
pene gas standards are directly calibrated for α-pinene and
β-pinene against small volumes (10–20mL) of the 1ppm
PAMS-J58 primary standard, as well as 100mL volumes of
freshly diluted secondary standards. The mixing ratios of
the other components in the terpene gas standard are subse-
quently derived based upon the ratio of their respective FID
responses to the α-pinene response factor. Each terpene gas
standard typically contains ∼1-6ppb of each terpene com-
ponent, and is used for the day-to-day calibration of the Fast-
GC instrument.
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The relative response of the FID to each monoter-
pene, oxygenated terpenoid and sesquiterpene was deter-
mined by direct injection of 5 liquid standards containing
all target BVOC in the concentration range 3µmoldm−3–
3mmoldm−3. The solutions were prepared volumetrically,
by sequential dilution of pure BVOC liquids (Aldrich and
Wako, all >97–99% purity) in dichloromethane solvent. Di-
rect injection of 0.2µL volumes of each liquid standard was
used to derive the FID response for each species. The re-
sponse factors for the individual monoterpenes were com-
parable (all within ∼15% of the α-pinene response), with
the exception of myrcene, which produced an FID response
∼25%lowerthanthatofα-pinene.Itisnotablethatasimilar
myrcene/α-pinene relative FID response ratio was observed
by Faiola et al. (2012). It should also be noted that since the
monoterpene camphene is solid at room temperature, in this
case the FID response was assumed to be equivalent to that
of β-pinene.
In general, a new working terpene gas standard is prepared
immediately prior to a ﬁeld measurement campaign or se-
ries of plant chamber experiments, and is subsequently used
for day-to-day calibration of the Fast-GC for the duration of
that study (typically 2–6weeks). Stability tests indicate that
the monoterpenes are comparatively stable within these low
pressure terpene gas mixtures for a period of ∼10weeks. Pe-
riodic analysis of a single terpene gas standard (twice a week
over a 10week period) revealed a 1σ variation in peak area
of ±5–10% for monoterpenes, with no statistically signiﬁ-
cant overall reduction in concentration outside of this uncer-
tainty. The oxygenated terpenes exhibited a larger degree of
variability, with peak areas varying by ±12–25%. Although
some OBVOC, such as methyl chavicol, did not undergo
signiﬁcant degradation over this period, other species (no-
tably linalool and nopinone) demonstrated an overall loss of
∼20% after 6weeks, and as much as ∼40% degradation
after 10weeks. As such, the OBVOC in the working terpene
standard were used for peak identiﬁcation purposes only,
and quantiﬁcation was based on the relative FID response
to α-pinene. Faiola et al. (2012) demonstrate that the widely
used effective carbon number (ECN) approximation of rel-
ative FID response is a valid approach for quantiﬁcation of
naturally occurring terpenes. Their results suggest that FID
calibration for monoterpenes using the theoretical ECN and
relative molar response approximation can achieve effective
quantiﬁcation within a 10% measurement uncertainty.
For simplicity, β-caryophyllene was the only sesquiter-
pene included in the terpene standard, and showed a variation
of ±14% over a 10week period, but no statistically signif-
icant degradation. It should be noted that other factors may
contribute to the observed variations in terpene mixing ratios
within the gas standard, such as small changes in instrument
sensitivity.
The 2σ limits of detection (LOD) for each terpene quan-
tiﬁed via the Fast-GC methods outlined here are given in
Table 1. The overall uncertainties in Fast-GC quantiﬁcation
using these methods are ±8–12% for monoterpenes, ±14–
26% for OBVOC and ±15–20% for sesquiterpenes. Where
chromatographic peaks are not fully baseline resolved, the
corresponding BVOC are subject to the higher uncertainties
(e.g. ± ∼11–12% for 1-3-carene and α-terpinene in plant
chamber studies, and ±12% for β-pinene in ambient air).
The greater uncertainty associated with quantiﬁcation of OB-
VOC and sesquiterpenes in comparison with monoterpenes
is primarily due to reduced precision (presumably as a re-
sult of wall losses and/or memory effects, which are char-
acteristic of the less volatile and/or more polar terpenes). It
should be noted that this dual gas and liquid standard calibra-
tion results in slightly higher measurement uncertainties for
terpenes calibrated based upon their relative FID response
(in order to account for errors in the liquid calibration pro-
cedure), however, in the absence of a reliable commercially
available primary gas standard containing all terpenes of in-
terest, this method offers an effective, practical alternative
calibration procedure.
2.4 PTR-MS instrument details
AProtonTransferReaction-QuadrupoleMassSpectrometer
(PTR-MS, Ionicon Analytik, Austria) was operated along-
side the Fast-GC to provide a direct comparison of monoter-
pene quantiﬁcation during various applications (see Sect. 3).
The total monoterpene mixing ratio was determined by PTR-
MS during plant chamber studies and ambient air monitor-
ing, based on the sum of the m/z81 and m/z137 signals (with
a dwell time of 1s). The PTR-MS was independently cali-
brated for monterpenes via an α-pinene permeation tube sys-
tem and cross-calibration with a conventional GC-FID in-
strument (Agilent 6890). Drift tube conditions were 500V,
45 ◦C and 1.97mbar, giving rise to an E/N ratio of 117Td.
Air was sampled at a rate of 50mLmin−1, and the instru-
ment was supplied with zero air (model 111 Zero Air Sup-
ply, Thermo Scientiﬁc) for the ﬁrst 15min of every hour, and
analysed sample air for the subsequent 45min. The zero sig-
nal measured directly before and after each 45min measure-
ment period was averaged and subtracted from the interme-
diate ambient data. Under these operating conditions, the 2σ
limit of detection for total monoterpene mixing ratio deter-
mined by PTR-MS was ∼60ppt, with an associated mea-
surement uncertainty of ∼16%, for 1min averaged data.
3 Applications for Fast-GC quantiﬁcation of terpenes in
air
This section provides a brief outline of two practical appli-
cations of Fast-GC quantiﬁcation of terpenes in air using the
methods detailed in Sect. 2 – namely plant chamber exper-
iments and ambient air monitoring. It should be noted that
more in-depth discussions of each of these studies will be
presented elsewhere.
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Fig. 5. Monoterpenes in white spruce emissions, as determined by Fast-GC during a plant chamber study. The GC_CHAMBER chromatog-
raphy method was used to determine the monoterpene composition, at a sample frequency of 1 measurement every ∼17min. The sum of the
individual monoterpenes measured by Fast-GC is overlaid with the simultaneously measured 15s PTR-MS total monoterpene signal, and the
PTR-MS signal averaged over each 6-min Fast-GC sampling period.
3.1 Plant chamber studies
The Fast-GC instrument has been utilised to monitor the
terpene composition of white spruce (Picea glauca) emis-
sions during single plant chamber studies. During these
experiments, a young white spruce plant (∼50cm tall) pot-
ted in soil was enclosed in a ∼5L teﬂon chamber and sup-
plied with ∼3Lmin−1 continuous ﬂow of dry air (including
ambient CO2 levels) from a zero air generator (Model 111,
Thermo Scientiﬁc). The humidity of the chamber air was
not controlled, and as such it gradually increased during the
courseoftheexperiment,asaresultoftranspiration.Theout-
ﬂow from the chamber was diverted from a common sam-
ple line for simultaneous sub-sampling by Fast-GC (using
the dedicated GC_CHAMBER chromatography method out-
lined in Sect. 2.2.1), PTR-MS, and a Laser Induced Fluo-
rescence (LIF) instrument for OH reactivity measurements
(Nakashima et al., 2014). The temperature and irradiance of
the chamber were controlled such that emissions could be
analysed under a range of different simulated environmental
conditions. Prior to each experiment, plants were maintained
within a dedicated greenhouse facility operated by the Na-
tional Institute for Environmental Studies (NIES).
Figure 5 shows the mixing ratios of the monoterpenes
α-pinene, β-pinene, limonene, camphene, myrcene and 1-
3-carene in white spruce emissions quantiﬁed by Fast-GC.
During this experiment, the monoterpene mixing ratios were
monitored continuously for a ∼6h period with an aver-
age sampling frequency of one 6min averaged measurement
every ∼17min, while the chamber was exposed to con-
stant light conditions (∼900µmolm−2 s−1) and a variable
temperature (23–31 ◦C). The individual monoterpene mix-
ing ratios ranged from ∼10ppt–1.9ppb, with the higher con-
centrationscoincidingwiththehigherchambertemperatures.
Figure 5 also illustrates the good agreement between the sum
of the individual monoterpenes quantiﬁed by Fast-GC and
the PTR-MS total monoterpene signal. It should be noted
that measurements at the start and end of the experiment
correspond to the lowest chamber temperatures (<25 ◦C)
and therefore minimum monoterpene mixing ratios. As a
result, some of the individual monoterpenes quantiﬁed by
Fast-GC were close to (or below) the instrument detection
limit at these times, and the agreement between Fast-GC and
PTR-MS derived monoterpene mixing ratios was reduced in
comparison with data from other periods. The correlation
between the Fast-GC and PTR-MS derived total monoter-
pene mixing ratios measured during this experiment is pre-
sented in Fig. 7. It should be noted that the ﬁnal Fast-GC
measurement was classed as an outlier (since all but one
of the individual monoterpenes were below the instrument
detection limit) and was thus excluded from this plot. Fig-
ure 7 demonstrates the close agreement between the two in-
struments for quantiﬁcation of monoterpenes in single plant
emission studies (R2 coefﬁcient=0.82), and indicates that
the total monoterpene mixing ratio reported by Fast-GC was
on average ∼4% higher than the corresponding PTR-MS
value. As such, the total monoterpene mixing ratios reported
by the two instruments may be considered equivalent, within
the experimental uncertainties.
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3.2 Ambient air monitoring
The Fast-GC analytical system used throughout this study is
smaller, lighter (and hence more portable) and operates with
reduced power consumption (<1kW) compared to most
conventional GC instruments, primarily since it does not
contain a large GC oven (see Sect. 2.2). As such, this in-
strument is ideally suited to short-term in-situ ambient air
monitoring of VOC in the ﬁeld.
3.2.1 Ozone removal
Terpenes pre-concentrated from ambient air are susceptible
to signiﬁcant oxidant-mediated destruction within the sam-
ple lines and sorbent trap, as a result of their short atmo-
spheric lifetimes with respect to ozone (Helmig, 1997 and
references therein). Therefore, when monitoring terpenes in
moderate to high ozone environments, it is desirable to in-
corporate an integrated ozone scrubber within the sampling
system. Ozone-mediated destruction of monoterpenes within
the Fast-GC sampling system (see Sect. 2.1) was assessed
using ∼2ppb α-pinene in dry air, supplied via a perme-
ation oven. In the presence of ∼50ppb ozone, the α-pinene
peak area was reduced by ∼6±2% compared to samples
without ozone. Furthermore, a new unidentiﬁed chromato-
graphic peak was observed when sampling α-pinene in the
presence of ozone. This unidentiﬁed peak was eluted in the
retention window corresponding to C9-C10 oxygenated ter-
penes, which suggests that it may be an α-pinene oxidation
product. Consequently, when conducting ambient air terpene
measurements, a 25mm sodium thiosulfate (Na2S2O3) im-
pregnated Acrodisc glass ﬁbre ﬁlter (1µm pore size) is in-
stalled between the main sampling manifold and Fast-GC
sample line, in order to minimise oxidant interferences (for
details regarding ﬁlter preparation and suitability for treat-
ing gaseous terpene samples, see Pollmann et al., 2005). The
ozone removal efﬁciency of these ﬁlters was tested in situ,
using a commercial ozone analyser (model 49C, Thermo Sci-
entiﬁc). With the Na2S2O3 ﬁlter inline, ambient ozone mix-
ing ratios of ∼60–80ppb were effectively reduced to around
0.5–1.5ppb. The ﬁlter was routinely changed after 5 days
continuous sampling, however the used ﬁlters showed no re-
duction in ozone removal efﬁciency relative to the un-used
ﬁlters. Helmig (1997) reported that the capacity of these ﬁl-
tersmaybe>1m3 airforambientozonelevels,which,based
on our sample volume and frequency, should theoretically al-
low continuous use for more than 2weeks.
Tests to assess terpene losses to the Na2S2O3 ﬁlter surface
were performed using an in-house prepared gaseous mixture
containing ∼0.5–1.5ppb monoterpenes and selected oxy-
genated C10 terpenes in nitrogen (for details see Sect. 2.3).
The terpene gas standard was sampled with and without a
Na2S2O3 ﬁlter inline, and average losses of ∼3±2% for
monoterpenesand∼5±2%foroxygenatedterpenoidswere
observed when sampling via a ﬁlter. Of the monoterpenes,
the largest percentage loss was observed for 1-3-carene
(4.9%), while the limonene mixing ratio demonstrated the
smallest decrease (0.7%) when sampling via the ﬁlter. Am-
bient air observations are corrected to account for these
relatively small losses, which are within the measurement
uncertainty.
3.2.2 Ambient terpene measurements in a suburban
forest
Our Fast-GC system was deployed to provide continuous au-
tomated measurements of monoterpenes and C10 OBVOC
in boundary layer air at a suburban forest site within the
Tokyo metropolis, for 10days during September and Octo-
ber 2012. Ambient air monitoring was performed at the Field
Museum Tama (FM Tama) measurement station (35◦380 N,
139◦220 E), which is operated by Tokyo University of Agri-
culture and Technology, as part of the AQUAS TAMA (Air
Quality Study at FM Tama) 2012 ﬁeld campaign. The site
is located in a small forest ∼30km west of central Tokyo,
where the dominant tree species are Cryptomeria japonica
(Japanese cedar), Chamaecyparis obtusa (Japanese cypress)
and Quercus serrata (an indigenous Japanese oak). Through-
out the 10day continuous monitoring period, the site ex-
perienced temperatures in the range ∼17–29 ◦C, and wind
speeds of ∼1–5ms−1 (increasing to ∼20ms−1 during a ty-
phoon from 30 September–1 October). To our knowledge,
this study represents the ﬁrst in situ Fast-GC observations of
terpenes in ambient air.
Figure 6 shows the time series resulting from continu-
ous Fast-GC observations of 6 monoterpenes and linalool
in ambient air at FM Tama, from 24 September to 4 Octo-
ber 2012. As the site was subjected to some local pollution,
the GC_AMBIENT II method was utilised for these obser-
vations, which resulted in a Fast-GC sampling frequency of
1 sample every ∼22min. Air was drawn from an inlet on
the roof of the two storey measurement station via an 8m
(1/200 i.d.) PFA manifold at a rate of ∼5Lmin−1, and sub-
sampled from this manifold through a Na2S2O3 ozone ﬁlter
and ∼1m×1/800PFA line at 75mLmin−1 to the Unity2
thermal desorber/Fast-GC system (see Fig. 1). The Na2S2O3
ﬁlter was positioned within the sub-sample line rather than
at the inlet, since the main manifold also supplied air to sev-
eral other instruments, some of which required ozone to be
present in the air supply. However, the relatively high ﬂow
rate through the main manifold resulted in a residence time
of <30s, and as such signiﬁcant ozone destruction was not
anticipated within this sample line. Furthermore, given the
high ﬂow rate through the main manifold and the limited ca-
pacity of the Na2S2O3 ﬁlters, positioning the ﬁlter at the inlet
would have necessitated a ﬁlter change every few hours.
Biogenic emissions at this site were dominated by iso-
prene, whilst monoterpenes were detected at comparatively
lower concentrations. The monoterpene composition was
dominated by α-pinene, β-pinene and 13-carene, whilst
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Fig. 6. Time series showing the sum of Fast-GC quantiﬁed monoterpenes and 10min averaged PTR-MS monoterpene signal, as well as
mixing ratios of selected individual terpenes monitored by Fast-GC at the FM Tama ﬁeld station in the Tokyo metropolis, during September–
October 2012. Fast-GC analyses were performed using GC_AMBIENT II method, resulting in a sample frequency of 1 measurement every
∼22min. The Fast-GC instrumental uncertainties were 8–12% for monoterpenes, and 20% for linalool.
mixing ratios of limonene, myrcene and camphene were
generally lower, and often close to the instrument detec-
tion limit. The highest monoterpene mixing ratios were typ-
ically observed at night, presumably since temperatures re-
mained high enough to drive emissions, whilst oxidant lev-
els decreased relative to daytime, and contraction of the
boundary layer reduced vertical dilution of local emissions.
Similar monoterpene diurnal proﬁles have also been reported
at other sites (Bouvier-Brown et al., 2009; Nakashima et al.,
2014). In contrast, the maximum linalool mixing ratio at FM
Tama was observed during early afternoon, while night time
concentrations were often close to the instrument detection
limit (4ppt), giving rise to a diurnal proﬁle characteristic of
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Fig. 7. Correlation plots of Fast-GC vs. PTR-MS derived total monoterpene mixing ratios, based on simultaneous measurements during
ambient air observations (see Sect. 3.2.2) and plant chamber measurements (see Sect. 3.1). In each case, PTR-MS values are averaged over
the relevant Fast-GC sampling period.
primary BVOC with a light and temperature dependent emis-
sion rate.
The sum of the individual monoterpenes quantiﬁed by
Fast-GC was in reasonable agreement with the total monoter-
pene mixing ratio measured by a co-located PTR-MS (see
Fig. 6), although the Fast-GC value was consistently lower.
Figure 7 shows correlation plots for PTR-MS vs. Fast-GC
derived monoterpene mixing ratios during the AQUAS
TAMA campaign (using PTR-MS values averaged over each
10min Fast-GC sampling period). Data recorded during the
typhoon event (classiﬁed according to in situ atmospheric
pressure measurements at the FM Tama ﬁeld station) were
analysed separately; for these purposes, measurements cor-
responding to atmospheric pressures of 965–985hPa were
classed as “typhoon” observations. Excluding the typhoon
data, Fig. 7 demonstrates a good correlation between the
PTR-MS and Fast-GC monoterpene measurements (R2 co-
efﬁcient=0.73), however the slope indicates that the Fast-
GC value was on average 38% lower than the corresponding
PTR-MS value. This is a signiﬁcant offset, and is outside
of instrumental uncertainties (10% for the total monoter-
pene mixing ratio quantiﬁed by Fast-GC, and 16% for PTR-
MS). A similar offset was reported in the monoterpene ﬂuxes
derived by conventional GC-MS and PTR-MS instruments
above a Californian ponderosa pine plantation (Lee et al.,
2005), and indicates the presence of additional monoter-
penes below the GC detection limit, and/or some interfer-
ence from other compounds to the PTR-MS signal (m/z81
and 137), although other explanations, such as inaccuracies
in the zero air subtraction for the PTR-MS signal or sys-
tematic discrepancies resulting from the use of different cal-
ibration techniques, should also be considered. Several other
studies have also reported offsets between PTR-MS and GC
derived ambient monoterpene mixing ratios, with GC instru-
ments typically reporting lower monoterpene concentrations
compared to PTR-MS, by ∼20–50% (de Gouw and War-
necke, 2007). The average offset between the PTR-MS and
Fast-GC derived monoterpene mixing ratios at the FM Tama
ﬁeld station increased from ∼38% to ∼73% when the site
was subjected to a typhoon weather system, from 30 Septem-
ber to 1 October (see Fig. 7). The correlation between two in-
struments was also relatively poor under typhoon conditions
(R2 coefﬁcient=0.41), however the reason for the larger dis-
crepancy during this period has not yet been identiﬁed.
4 Discussion and summary
We have developed a novel Fast-GC based approach for tar-
geted analysis of a range of C9-C15 BVOC in air, with ﬂame
ionisation detection. The three methods outlined in this study
retain the chromatographic separation capability of conven-
tionalGC(toprovidequantiﬁcationofindividualterpeneiso-
mers), whilst offering improved sampling frequency to facil-
itate effective monitoring of short-term variations in the ter-
pene composition of single plant emissions and ambient air.
We demonstrate that the terpene composition of pristine
forest air (with minimal anthropogenic inﬂuence) and single
plant emissions may be effectively analysed by moderately
fast GC methods, with measurement frequencies of one sam-
ple every 13.7 and 16.5min, respectively (see Table 2 for de-
tails). However, in light of recent studies reporting signiﬁcant
BVOC mediated ozone formation within the urban boundary
layer (Lee et al., 2006; Curci et al., 2009), there is increasing
motivation for in situ observations of these biogenic gases
in polluted atmospheres, as well as within clean forest air.
As such, we have also developed a Fast-GC based method
suitable for the quantiﬁcation of monoterpenes and selected
OBVOC in polluted environments, where signiﬁcant concen-
trations of anthropogenic VOC and BVOC are present. Initial
tests demonstrated that analysis of these more complex VOC
compositions is not a viable application for very fast GC, and
in order to avoid substantial peak co-elution it is necessary to
use a combination of moderately fast gas chromatography
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in conjunction with periods of more conventional (and in
some cases isothermal) separation. Under these conditions,
the measurement cycle time is increased to 21.8min.
Overall, the chromatography methods outlined in this
study offer a procedure for comprehensive analysis of spe-
ciated monoterpenes, selected oxygenated terpenoids includ-
ing the β-pinene oxidation product nopinone, and (in plant
chamber studies) sesquiterpenes, with a measurement fre-
quency 2–5 times higher than conventional GC methods. We
have successfully applied these Fast-GC methods to provide
terpene composition analysis of single plant emissions and
ambient air. Throughout the plant chamber studies, the sum
of the Fast-GC derived monoterpene mixing ratios was gen-
erally in good agreement with the total monoterpene mix-
ing ratio derived from simultaneous PTR-MS measurements
(within 4%). In contrast, during in situ ambient air observa-
tions, the Fast-GC and PTR-MS derived monoterpene mix-
ing ratios demonstrated an average offset of 38%. Such an
offset has also been reported in previous studies compar-
ing GC and PTR-MS ambient monoterpene measurements
(e.g. Lee et al., 2005; de Gouw and Warneke, 2007), suggest-
ing that this is a commonly observed instrumental inconsis-
tency which requires further investigation by the atmospheric
monoterpene measurement community.
Due to the vast number of naturally occurring BVOC,
co-elution of two or more species must be considered as a
potential limitation of Fast-GC-FID terpene analysis. Other
techniques with superior separation capability, such as two
dimensional gas chromatography (2-D GC), offer improved
chromatographic resolution but have other limitations, such
as relatively poor time resolution, lack of portability (mak-
ing 2D GC unsuitable for short-term ﬁeld deployments), and
requiring a large amount of data processing (hence 2-D GC
is not an appropriate technique for long-term in situ moni-
toring). In this regard, the most suitable technique should be
selected for each speciﬁc application. For applications where
the main objective is high time resolution quantiﬁcation of
speciated monoterpenes, Fast-GC may arguably be the most
suitable technique, whereas for quantiﬁcation of very com-
plex mixtures containing multiple OBVOCs (and where high
time resolution is not required), a 2-D GC technique may be
more appropriate.
In future, the Fast-GC methods presented in this study
could potentially be utilised for indirect monoterpene ﬂux
measurements, in conjunction with techniques such as re-
laxed eddy accumulation (REA). The shorter measurement
cycles offered by Fast-GC would be particularly advanta-
geous in this application, where measurement frequency is
often limited by sample analysis time, and there may be con-
cerns related to sample degradation in the interval between
sampling and analysis.
Recent developments in analytical methodologies have ad-
vanced the ambient air terpene monitoring capabilities of
both GC (e.g. this study; Purvis et al., 2013) and PTR-
MS (e.g. Misztal et al., 2012) based techniques, as well as
ofﬂine sampling methods (e.g. Yassaa et al., 2010). How-
ever, even these state-of-the-art techniques still focus pri-
marily on isoprene and/or monoterpenes, while the number
of ambient sesquiterpene and oxygenated terpene observa-
tions remain comparatively limited. Moreover, OH reactivity
measurements suggest that the fraction of unidentiﬁed reac-
tive BVOC in ambient air remains signiﬁcant. As such, fur-
ther instrumental developments to increase the chemical di-
versity and spatiotemporal resolution of terpene observations
are fundamental to obtaining a more in-depth understanding
of the role of these gases in atmospheric processes that inﬂu-
ence air quality and climate.
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